Metallic elements are required in numerous essential biological processes of the human body. Transition metal elements like iron, zinc or copper bound to proteins (metalloproteins) perform a variety of complex biological functions as catalysts which regulate biochemical reactions and physiological functions in cells and organs. Published reports have been pointing out that excessive accumulation or a disequilibrium within the concentrations or distributions of these elements may affect cell functions up to the point of degeneration or cell death. 1 Specifically, imbalances of trace metallic elements may be deeply related to neuronal cell death in several neurodegenerative disorders by promoting oxidative stress.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder which gradually affects memory, thinking, communication, emotion and behavior. The pathological features of AD are senile plaques, neurofibrillary tangles, neuropil thread formation and neuron and synapse loss. The cause of this dementia is still not clear but recent investigations suggested that the deposition of amyloid-β (Aβ) peptide, free radical mediated processes and genetic defects like mutations of presenilin contribute to the pathogenesis of AD. These molecules combined with excessive accumulation of metallic elements or possible changes in the chemical state of transition metals like iron, copper and zinc, may be related to the mechanism of neuronal degeneration and cell death.
In this study the distribution, densities and chemical state of transition metals were analyzed in AD tissues using synchrotron radiation X-ray fluorescence spectroscopy. of the right hemisphere cortex and fixed in 2% glutaraldehyde (pH 7.4) for 2 h. The fixed blocks were sectioned at 5 µm in a cryostat and dried at room temperature. These sections were mounted on 25 µm thick PET films for X-ray fluorescence analyses.
X-ray fluorescence analyses using synchrotron radiation were performed at beam line 4A of Photon Factory, High Energy Accelerator Research Organization (KEK), Tsukuba (Japan). Incident beam size was about 7 × 5 µm 2 . XRF analyses were performed for elemental mapping. Fluorescent X-rays were collected by a solid state detector (SSD) set at 90˚ with respect to the beam direction. Measurements were performed in air.
X-ray absorption fine structure analyses were performed at beam line 39XU of SPring-8, Japan Synchrotron Radiation Research Institute (JASRI), Harima (Japan). The incident beam size was about 10 µm in diameter. Fe K-edge XANES spectra were obtained within the energy range of 7.100 to 7.160 keV at 0.5 eV intervals. The data were measured in fluorescence mode for biological specimens and in transmission mode for the reference samples. Incident and transmitted photon flux was monitored with an airfilled ion chamber. The Fe K-edge fluorescent X-rays were also collected by a solid state detector (SSD). Measurements were performed in vacuum.
Elemental distribution in the neurons of a patient with Alzheimer's disease Distribution of Fe and Zn in a single neuron of AD brain.
A section of one specimen obtained from the temporal lobes of an AD patient was stained with ubiquitin. Ubiquitin immunoreactivity is used regularly in the identification of pathological lesions such as Lewy bodies and neurofibrillary tangles (NFT), that are associated with neurological disorders. 4 XRF analyses were performed on the parallel unstained section of the tissue area where ubiquitin deposition was notably observed. The XRF imaging of iron and zinc, and a microscopic photograph of the tissue area are shown in Fig. 1 . Iron and zinc concentrations were detected in the cell, 1241 and 1227 ppm, respectively. The distributions of both elements were remarkably different. Quantification of other elements which were detected in the cell was done, such as copper, calcium and sulfur, with 586, 17007 and 7074 ppm, respectively.
Subsequently, a different tissue area which was weakly ubiquitin immunoreactive was analyzed. Quantification of the densities of iron and zinc showed a much lower concentration compared to the higher ubiquitin immunoreactive section, 352 and 143 ppm, respectively. An optical microscopic photograph of the analyzed section and XRF imaging of iron and zinc are shown in Fig. 2 . Concentration of copper, calcium and sulfur were 88, 10406 and 4511 ppm, respectively.
Chemical state analyses of Fe in a single neuron of AD brain.
From the XRF images of the tissues, the measurement points with the highest fluorescent intensity of iron were selected for the Fe K-edge XANES analyses (chemical state analyses). Figure 3 shows XANES spectra in the AD tissues and reference samples (FeO and Fe2O3). The ordinate and abscissa represent the absorption coefficient and incident X-ray energy, respectively. The spectra were normalized by the absorption jump. The absorption jump was defined as the difference between the highest and the lowest points in each spectrum. The absorption edge is defined at the half-height of the absorption jump.
The spectra of Fig. 3 shows that the chemical shift from the absorption edge of FeO in the tissue of the AD case is 3.9 eV, 886 ANALYTICAL SCIENCES JULY 2005, VOL. 21 
Discussion on the excessive accumulations of Fe, Zn and Cu in the neurons of an AD patient
In the present study, the concentration of iron in the tissue with AD was analyzed at the single cell level. XRF analysis revealed that the concentration of iron in the AD cortex was about 1000 -5000 ppm in the neurons which have high ubiquitin deposition, and about 300 -350 ppm in other neurons (data not shown). These results show the existence of neurons which have over 10 times higher iron levels than normal neurons in AD brain. This is in agreement with the reports of several research groups about the elevation of iron level in AD brain. In 1953, Godman reported the deposition of iron in the cytoplasm possessing neurofibrillary tangles. 5 Ehman et al. reported in 1986 that iron level in the cortex of AD is 467 µg/g, while in the control sample is 280 µg/g. 6 Our study is in good agreement with previous studies suggesting an increase of iron in AD and its correlation with the development of the disease.
An excess of iron can lead to neuronal degeneration through the generation of reactive oxygen species by Fenton-type reactions. 7, 8 Consequently, chemical state analyses were applied to pathological tissues. Fe K-edge XANES spectra show that iron contained in the AD tissues shifted toward Fe 3+ . Bush et al. reported that iron in the higher oxidative state as well as Cu 2+ induce greater Aβ aggregation under mildly acidic conditions (pH 6.8 -7.0), such as those believed to occur in AD brain. 9 Aβ is redox active, it possesses a strongly positive reduction potential which reduces Fe 3+ to Fe
2+
, and producing H2O2 from O2 in a catalytic manner. 10 Thus, the development of AD in the brain goes along with the shift of the redox potential of iron from Fe 2+ to Fe 3+ . Whether this shift is the cause or the outcome of the AD outbreak can not be answered satisfactorily at present.
In our study, increment of zinc concentration in the AD tissues with higher ubiquitin deposition was observed, about 150 -1250 ppm for these neurons and about 150 -350 ppm for normal neurons (data not shown). It is well known that zinc plays a fundamental role in regular brain functions and development. However, excessive levels of this element in neurons have been found to be extremely toxic. 11 An increment of copper density was also observed in ubiquitin deposited tissues. Concentrations of copper and zinc were found to be correlated in the section (correlation coefficient was about 0.85). This result indicates that zinc and copper may be associated with the neuronal degeneration correlatively. In 887 ANALYTICAL SCIENCES JULY 2005, VOL. 21 
Introduction
Parkinson's disease (PD) is a progressive neurological disease of the central nervous system that affects nerve cells in the part of the brain stem. It is characterized by slowness of movement, difficulty with balance, rigidity and tremor. Parkinson's disease results from the deterioration of dopamine-producing nerve cells in the regions of substantia nigra (SN) and locus coeruleus of the brain. Dopamine is a neurotransmitter which stimulates motor neurons, effectively controlling the activity of the muscles. When the production of dopamine is reduced, the nerves of the motoric system are unable to control movement and coordination. Although the exact cause of the loss of nerve cells remains unclear, several biochemical and genetic changes have been found to coincide with Parkinson's disease: decrease of glutathione levels, 13 increase of iron levels, 14 inhibition of mitochondrial functionality, 15 increase of lipid peroxidation 16 and mutation in α-synuclein. 17 Recently, the hypothesis based on the increase of concentration of trace metallic elements, especially iron, has achieved special interest as a possible cause of the pathogenesis of the disease. [18] [19] [20] The presence of high concentration of iron would promote generation of free radicals that cause oxidative stress and neuronal degeneration. 21 
Experimental
Brain tissue sections including substantia nigra of primate models, which were unilaterally injected with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), were obtained. 22 MPTP is a chemical compound that causes selective destruction of dopaminergic neurons, therefore inducing a PD-like syndrome. 23 Tissues were unstained and freeze-dried. Sections with a thickness of 10 µm were cut out and mounted on a submicron self supporting pioloform film (polyvinyl butyral).
Substantia nigra samples and reference samples were analyzed by XRF and Fe K-edge XANES spectroscopy at beam line 39XU of SPring-8 facility. The analyses were performed under the same conditions used for analyzing AD samples. XRF analyses were performed for elemental mapping. Chemical state imaging. XANES spectroscopy is sensitive to the oxidative state and neighboring atoms of the absorbing elements. By selecting a suitable incident energy near the absorption edge, excitation of specific chemical species is possible. Ferrous iron (Fe 2+ ) is specifically excited at energies near the absorption edge (7.120 keV), while ferric iron (Fe 3+ ) excitation is inhibited at this energy. Both valence states of iron are excited at energies over the absorption edge (7.160 keV). Because fluorescent X-rays are emitted in proportion to the excitation of the absorbing elements and the sensitivity of the X-ray absorption coefficient depends on the chemical state of the investigated species, XRF imaging can differentiate between the chemical states of the elements.
In order to obtain the chemical state imaging of iron of the pathological sample, the following procedure was performed. First, XRF imaging was applied with the incident X-ray energy 888 ANALYTICAL SCIENCES JULY 2005, VOL. 21 at 7.160 keV (above the edge) and at 7.120 keV (near the edge). Then, the yields of Fe 2+ and Fe 3+ were derived from the XRF yields of each point using the absorption coefficients at incident energies of 7.160 and 7.120 keV.
Investigation of the oxidative state of Fe at a single cell level Energy-selective chemical state imaging.
Brain tissue samples including substantia nigra of monkeys injected with MPTP were analyzed with X-ray fluorescence spectroscopy. XRF imaging results of iron as well as an optical microscopic photograph are shown in Fig. 4(a and b) . Iron concentrations were detected in the melanized neurons which can be observed as pigmented granules in the microscopic photograph (Fig. 4(a) ). Chemical state imaging was performed in the same area of the SN tissue in order to study Fe 2+ and Fe 3+ concentrations (Fig. 4(c and d) Fig. 4(b) . Figure 5 shows XANES spectra in the SN tissues and reference samples (FeO and Fe2O3). The ordinate and abscissa represent the absorption coefficient and incident X-ray energy, respectively. The spectra was normalized by the absorption jump which was defined as the difference between the highest and lowest point in each spectrum.
From the results of the spectrum (Fig. 5) , the chemical shifts of iron contained in neuromelanins and the Fe 2+ /Fe 3+ ratio at the points 
Possible role of oxidative stress on neurodegeneration
XRF and XANES spectroscopy were used in this study in order to determine distributions and chemical states of iron in and around SN tissues of a monkey injected with MPTP, a neurotoxin that causes a PD-like syndrome. High accumulation of iron can be seen in the melanized neurons of the pathological tissues. This finding is in line with previous investigations done by several research groups related to iron concentration in neuromelanin from PD cases. [24] [25] [26] XRF imaging directly revealed the locations of iron inside the neuromelanin granules of the pathological tissue (Fig. 4) . Chemical state imaging of Fe 2+ and Fe 3+ demonstrated that both oxidative states of iron are present in SN neurons in PD. Distribution of both iron valence states were found to be unequal in the neuromelanin granules. While the maximum concentration of Fe 3+ was centrally located within the neuromelanin and showed a declining gradient towards its boundaries, the accumulation of Fe 2+ was distinctively shifted away from it. Thus, ferrous iron would concentrate locally within the neuromelanin.
Measurement points were selected from the XRF imaging to study chemical states in detail with XANES analysis (Fig. 4(b) ). Chemical shifts and Fe 2+ /Fe 3+ ratio were determined at these points. Fe 2+ /Fe 3+ ratio was found to be correlated with the level of iron accumulation. The highest total iron concentration point in the neuromealnin granule (point a, Fig. 4(b) ) also contains the highest content of Fe 2+ . Ferrous iron is a highly redox-active species which could easily catalyze the generation of hydroxyradical via Fenton reactions. 27, 28 Promotion of hydroxyradical, as well as other reactive oxygen species (ROS), causes alterations in protein, lipid and DNA functionality. 28 Therefore, augmented ferrous iron content in neuromelanin granules leads to neurodegeneration and cell damage by oxidative stress.
Cu/Zn SOD and Its Role in Neurodegeneration Studied from Mouse Neuroblastome Cells with Amyotrophic Lateral Sclerosis

Role of Fe, Zn and Cu in the oxidative stress at a cellular level
Amyotrophic lateral sclerosis (ALS), also known as "Lou Gehrig's disease", is a neuromuscular disease that attacks nerve cells in the brain, brainstem and in the spinal cord. Pathologically, ALS is characterized by a rapid neurodegeneration of the large motor neurons leading to their death, therefore causing the loss of nervous control of the voluntary muscles. As a consequence, increasing weakness in muscles and finally atrophy, difficulty in breathing, swallowing and problems with projecting the voice are the symptoms of the disease. Sporadic ALS (SALS) is the most common form of the disease and is considered to occur randomly, while about 5 -10% of the diagnostic cases are familial ALS (FALS), which are inherited.
Oxidative stress at cellular level has been pointed out by several research groups as a major contributor in the development of ALS. 29, 30 In this regard, research focused very early on the role of superoxide dismutase (SOD). The importance of this enzyme is related to its antioxidant function. The major SOD in human bodies, Cu/Zn SOD, is able to dissociate free radicals inside the cells by the disproportioning of superoxide anion to hydrogen peroxide and dioxygen. 31 This conversion requires a cyclic reduction and reoxidation of Cu 2+ and Cu + , respectively, for each superoxide molecule. This enzyme, encoded by the SOD1 gene, is normally coordinated with one copper and one zinc, therefore changes in one or both 889 ANALYTICAL SCIENCES JULY 2005, VOL. 21 ion bindings may cause alterations in the regular SOD function.
Recently, published studies have revealed several mutations in human Cu/Zn SOD in about 2 -3% of ALS cases. 32, 33 Instead of loosing its dismutase functionality, the mutant SOD1 gains a novel cytotoxic activity, as several experiments concluded. 34 Although various hypotheses for the mechanism of this gained function exist, the nature of the pathogenesis is still poorly understood. Evidence involving transition metals in the generation and dissociation of the cytotoxic function may provide a clue for the complete understanding of the pathogenesis. In this regard, this study analyzes the changes in the concentrations and chemical states of trace metallic elements between the cells expressing wild-type SOD and mutant SOD in cultured mouse injected with ALS DNA.
Preparation of cultured mouse cells and X-ray analyses conditions
Cultured mouse cells injected with wild-type and mutated human SOD1 were prepared. The DNA segment coding for a full-length SOD1 with and without mutations, as well as a green fluorescent protein (GFP) were introduced into an expression vector.
The resultant plasmid carried wild-type, A4T (substitution of alanine at position 4 for threonine) and 2 basepair deletions in the 126th codon (d126p) mutations. Wild-type SOD1 and both mutants, A4T and d126p, were expressed in mouse neuroblastome cells, Neuro2a.
A4T and d126p mutations have been identified in FALS cases. As a control sample, Neuro2a cells injected with GFP were investigated together with those injected with SOD1.
X-ray fluorescence analyses were performed in order to obtain the elemental imaging and distribution of trace metallic elements in the cells in which GFP, wild-type, and mutant A4T and d126p SODs were expressed. The incident X-ray energy was 14.3 keV and the beam size was approximately 7 × 5 µm 2 . Measurements were performed in air.
Ten measurement points for each sample were selected from the imaging in order to analyze in a quantitative manner trace metallic elements contained in the samples. The measurement time for XRF spectra was 200 s. The thickness of the samples was 10 µm, and the density was assumed to be 1.0 g/cm 3 . Zn K-edge XANES spectra were collected from 9.72 to 9.63 keV with an energy resolution of 0.5 eV and energy shifts of resolved absorption peaks of 0.25 eV can be detected. The total signal averaging for each sample spectra were 40 s for GFP, 50 s for wild-type and 60 s/point for A4T and d126p. The biological specimens were measured in fluorescence mode, while spectra obtained from reference samples were collected in transmission mode (ZnO and Zn were used as reference samples). Measurements were carried out in vacuum.
Quantitative measurements of Fe and Zn in mouse neuroblastome cells XRF analyses. Neuro2a cells injected with A4T and d126p SOD1 mutations, as well as wild-type SOD and GFP, were analyzed with X-ray fluorescence analyses in order to obtain quantitative data of trace elements contained in these samples. XRF imaging for determining the distribution of phosphorus, sulfur, iron, copper and zinc was conducted from each sample (data not shown). Representive measurement points were selected from the results of these imaging processes for further quantification. XRF spectra obtained subsequently from each sample are shown in Fig. 6 . Phosphorus, sulfur, chlorine, calcium, iron and zinc were distinctively detected in the samples. Quantitative analyses were applied in order to obtain the concentration of the elements detected in the cells (data not shown). The quantification of the copper concentration could not be performed due to the low signal/noise ratio of the copper peaks.
Quantification results of iron and zinc were normalized with the phosphorus content of each sample since the size and thickness of the different cells were not homogeneous. The content of phosphorus, which is a major component of nondiffusible proteins, is considered to be representative for the cellular mass. 35 Figure 7 compares the normalized values of iron and zinc in the cells expressing GFP, wild-type SOD, A4T and d126p mutations. The results of the normalized iron values revealed great differences between the samples. The cells expressing SOD1 mutations contain larger iron concentrations in comparison with the wild-type SOD cells. Mutant d126p shows the highest iron content of all. The same tendency was observed in the Zn/P content in the cellular samples, although the variation in the zinc values was far less pronounced.
Zn K-edge XANES spectra were performed with the measurement points which showed the highest fluorescence intensity in the XRF imaging. The XANES spectra obtained from the cells injected with GFP, wild-type SOD and mutant A4T and d126p are showed in Fig. 8 . Zn and ZnO were used as reference samples for elemental zinc and divalent zinc. All spectra were normalized in relation with the maximum and the minimum intensities. From the XANES analyses, a complete uniformity in the spectra of the different cells expressing injected DNA was observed; no differences could be found between mutant and non-mutant cells.
Role of Fe and Zn in oxidative stress and defective SOD
Mouse neuroblastome cells, Neuro2a, were cultured and injected with ALS DNA in order to investigate the variation of the concentration or chemical states of trace metallic elements, namely zinc and iron, between the cells expressing wild-type SOD and mutant SOD.
From the quantification of the XRF spectra of each sample, the concentration of the trace elements detected in the cells was obtained (data not shown). Iron and zinc contents, normalized with phosphorus, were found to be strongly correlated. However, the iron concentration in the mutant ALS cells, especially the d126p mutation, shows a larger deviation to the non-mutant samples than those of zinc.
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ANALYTICAL SCIENCES JULY 2005, VOL. 21 The increase of zinc in the mutant cells could indicate a higher content of SOD in these cases. Since mutant SOD is assumed to be a major factor in the degeneration of motor neurons in ALS due to oxidative stress (vide infra), this finding supports the experimental results which lead to conclude on the hypothesis of the novel cytotoxic activity of mutant SOD1. [36] [37] [38] In this regard, the strong correlation of the increase of iron to that of zinc may indicate that, by a yet not known mechanism, iron does accumulate in cells with defective SOD, therefore increasing the cellular toxicity by inducing oxidation-based cell damage. The observed correlation of iron to the expression of mutant SOD deserves further investigations in the future.
Quantitative analyses of the copper content in the cells injected with GFP, wildtype SOD, A4T and d126p mutant SOD1 were not possible due to the low signal/noise of its peaks. It might be beneficial to extend the investigations to preprocessed and purified cell-extracts to obtain better spectra, which allow further analysis of the concentration and binding environment of copper and zinc by XRF and XANES techniques.
Conclusions
The mechanism of the degeneration of the neurons in disorders like Alzheimer's disease, Parkinson's disease and Amyotrophic lateral sclerosis has not been yet elucidated. However, oxidative stress in conjunction with an increment of trace metallic elements have been pointed out as crucial factors involved in the progress of these pathologies. Our investigations of the intracellular elemental conditions were performed employing SR based XRF and XANES techniques, which allow the analysis of biological specimens in a nondestructive manner and without the necessity of previous homogenization or isolation of cell materials. These microbeam X-ray based spectroscopies are ideal techniques for providing qualitative and quantitative information of the distribution, concentration and chemical state of trace elements with high spatial resolution and sensitivity.
For conducting the investigation among these neurodegenerative diseases, samples derived from human, monkey and mouse specimens were obtained in order to study the role of elemental imbalances in these disorders.
High concentrations of iron, copper and zinc were observed in human brain tissues with AD. The quantitative results from the XRF analyses in AD tissues revealed the existence of neurons which have about ten times augmented brain iron content.
Furthermore, valence state analysis with XANES spectroscopy showed that the iron contained in the AD tissues shifted towards trivalent iron. These findings coincide with the observation that amyloid-β peptide aggregation is increased in AD tissues, which is induced by elevated ferric iron levels. Futhermore, the positive reduction potential of Aβ catalyzes the formation of hydrogen peroxide, a potent cell toxin, which may lead to significant cell damage in the long term.
Secondly, the investigation of elemental concentrations in substantia nigra tissues with PD of a monkey injected with MPTP was also focused on the iron content and its oxidative state.
XRF chemical state imaging revealed distinct distributions of both valence states of iron in the pathological tissues. Ferrous iron content was locally but unspecifically accumulated, while the maximum concentration of ferric iron was localized in the center of the neuromelanin granule. From the XANES analyses results an additional observation could be derived: the ferrous/ferric iron ratio is increased with the level of iron accumulation. Hence, neuronal degeneration in PD could be consequence of the generation of reactive oxygen intermediates promoted by the accumulation of divalent iron, which reassembles a reactive redox species. Subsequently, free radicals may provoke cell damage such as alterations in proteins, lipids or DNA, and finally apoptosis by oxidative stress.
Lastly, imbalances of the elemental concentrations were investigated in ALS cases through the analysis of cultured mouse cells injected with ALS DNA and wild-type SOD. Quantification of the iron and zinc content from the XRF spectra revealed a strong correlation between the concentrations of these elements in the studied samples. Cells expressing mutant ALS, d126p and A4T, showed augmented values in relation with the non-mutant cells, GFP and wild-type, respectively. However, the variations within the zinc values were less pronounced than those of iron. The increment of the zinc concentration in the mutant cells could be related to an increment of defective SODs in these cases. Since the latter showed a newly gained cytotoxic activity, neuronal loss may be directly derived from their increase. Similarly, the augmented iron content in cells injected with ALS mutations could be responsible for an increase in oxidative damage in these cells (e.g. by Fenton-type reactions, vide infra).
Micro beam XRF and XANES spectroscopy have proven to be powerful methods which allow to investigate multiple intracellular trace elements in biological samples with high 891 ANALYTICAL SCIENCES JULY 2005, VOL. 21 sensitivity and high spatial resolution. With the advent of third generation synchrotron radiation facilities, sub-micron resolution will enable analysis of elemental conditions at subcell levels and the diverse functional compartments of cells directly.
